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Ionization Cooling

The only muon cooling scheme that appears practical
within the muon lifetime (2.2µs)

Cooling mainly transverse in a linear channel
Longitudinal cooling requires momentum-dependent
path-length through the energy absorbers
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Ionization Cooling

Normalized transverse emittance ε of muon beam in solenoidal
channel
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ε0: equilibrium emittance (multiple scattering ∼ cooling)

Efficient cooling requires:

Absorber with large ∆E per radiation length
(LH2: 254 MeV, LiH: 151MeV)

Strong focusing (large B-field), β⊥ ∼ p/B

High-gradient rf to replace longitudinal
momentum

Tight packing to minimize decay losses

Low muon momentum
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Figure 27.3: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for
muons and pions, are not included. These become significant for muons in iron for
βγ >∼ 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 27.21.

Eq. (27.1) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 27.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe-Bloch equation, but not for radiative losses, relevant only for muons and pions.

For a particle with mass M and momentum Mβγc, Tmax is given by

July 24, 2008 18:04
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Muon Ionization Cooling Experiment

Demonstration of ionization cooling in a setting relevant to
muon accelerators

measure performance in various modes of operation and
beam conditions, thereby investigating the limits and
practicality of cooling
study aspects critical to performance (multiple scattering,
energy loss, emittance evolution)
validate design & simulation tools

Concept
Track each muon before & after cooling hardware
Form "beam" in offline software
Designed for measuring relative change in emittance to 1%
Accelerator R&D in the form of a particle physics
experiment
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Status

Beamline and detectors installed, operational, performance
well understood
Cooling channel components mostly installed and
operational
Data taking during ISIS user runs at Rutherford Appleton
Lab
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Present (Step IV) Configuration
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Detectors
Particle ID: reject beam
contamination and muon
decay
Momentum: scintillating
fiber trackers in
spectrometer solenoids

Beam manipulation
Diffuser to vary input
emittance
Absorber (LiH, LH2) for
cooling
Superconducting solenoids
for focusing and matching
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Step IV: Multiple Scattering (LiH, Xe)
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Step IV: Energy Loss
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Emittance

Normalized RMS transverse 4D emittance ε

ε =
1

mµ
|Σ|

defined through phase space covariance matrix Σ

Σ =


σxx σxpx σxy σxpy

σpx x σpx px σpx y σpx py

σyx σypx σyy σypy

σpy x σpy px σpy y σpy py

 , σab = 〈(a−〈a〉)(b−〈b〉)〉

Strong coupling between transverse dimensions in solenoidal
magnetic lattice.
Single particle amplitude and phase space density more useful
in the presence of nonlinear effects.

Yağmur Torun MICE – DPF2017 – Aug 3, 2017



Step IV: Emittance Evolution (Amplitude)

3 mm beam heated 6 mm beam (ε0) preserved
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Emittance Evolution (Phase Space)
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Step IV: Emittance Measurement

|P| at Tracker (MeV/c)
100 120 140 160 180 200 220 240 260 280 300

Ti
m
e
of
fli
gh
t(
ns
)

24

26

28

30

32

34

0

20

40

60

80

100

120
MICE Preliminary

ISIS Cycle 2015/02
Run 7469, MAUS v2.5

<Pz> (MeV/c)
190 200 210 220 230 240 250

Tr
an
sv
er
se

no
rm
al
is
ed

em
itt
an
ce

(m
m
)

3.6

3.7

3.8

3.9

4

4.1

4.2 MICE Preliminary
ISIS Cycle 2015/02
Run 7469, MAUS v2.5

Electron
Muon

Ranger
(EMR)

Pre-shower
(KL)

ToF 2

Time-of-flight
hodoscope 1

(ToF 0)

Cherenkov
counters
(CKOV)

ToF 1

MICE
Muon
Beam
(MMB)

Upstream
spectrometer module

Downstream
spectrometer module

Absorber/focus-coil
module

Liquid-hydrogen
absorber

Scintillating-fibre
trackers

Variable thickness
high-Z diffuser

7th February 2015

MICE
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Cooling DEMO with Acceleration
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Same particle ID detectors
Same primary LiH
absorber
Same magnets

RF cavities for acceleration
Secondary LiH absorbers
Additional Focus Coil
Module
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Simplified Configuration

Remove downstream SS, KL; install shorter tracker,

fits inside existing shielding
uses existing hardware
reduced transmission at high
emittance
reconstruct momentum with SciFi
tracker+EMR
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Status and Outlook

Infrastructure & equipment
Beamline and detectors performing well
Cooling channel operational

Data
Simulation, reconstruction, analysis tools validated
LiH scattering program complete
Emittance evolution with LiH, various initial emittance,
beam momentum and magnetic lattice settings
LH2 absorber to be used in next run (Sep-Oct 2017)
Wedge absorber available to study 6D emittance evolution

Cooling demonstration with RF acceleration
RF modules complete
Installation at RAL not funded
Exploring options (IHEP Protvino)
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